Objective: Decreased levels of GH and total IGF-I have been reported in obesity. It has been hypothesized that increased free (biologically active) IGF-I levels generated from IGF-binding protein (IGFBP) protease activity could be the mechanism for the low GH release in dieting obese subjects. However, no published data exist on free IGF-I levels, acid labile subunit (ALS), or IGFBP protease activity in relation to GH release during a hypocaloric diet. The main purpose of this study was to determine free IGF-I, ALS, IGFBPs-1-4, and IGFBPs-1-3 protease activity in relation to 24-h GH release before and after a short-term very low-calorie diet (VLCD). Design: Six obese subjects before weight loss, five after an average weight loss of 36.1 kg, and five ageand sex-matched lean controls underwent a 4-day VLCD. All subjects were studied on two occasions, once during normal basic diet and again during the last day of the VLCD (1.6 MJ). Methods: Free IGF-I was determined by a non-competitive immunoradiometric assay. Results: Free IGF-I levels decreased in concert with increased ALS and unchanged blunted GH release after a VLCD in the obese subjects. IGFBPs-1-3 proteolytic activity was found to be unchanged by hypocaloric diet in all groups. Conclusions: We conclude that free IGF-I decreases after a short-term hypocaloric diet in obese subjects with no concomitant change in 24-h GH release. Circulating free IGF-I per se cannot be the main mechanism of the attenuated GH release in dieting obese subjects.
Introduction
In obesity, spontaneous growth hormone (GH) secretion is decreased (1, 2) compared with normalweight subjects (2, 3) , total insulin-like growth factor-I (IGF-I) is low (1-3), whereas reports on free IGF-I are not unanimous (4) (5) (6) . We have been previously demonstrated that short-term caloric restriction had no impact on the 24-h GH release in obese subjects in contrast to that observed in the lean subjects (7) ; this observation has later been confirmed by other researchers (8) . It has been hypothesized that the lack of stimulation of GH release by caloric restriction in obese subjects could be due to a relatively enhanced bioavailability of IGF-I (7, 8) generated from low IGF-binding protein (IGFBP)-1 levels and IGFBP proteolysis. It is believed that the bioactivity of IGF-I is maintained primarily through free IGF-I and therefore might be a critical component in the feedback regulation of GH secretion and the bioactivity on target tissue (9) . However, no data have been previously reported on free IGF-I levels and GH release during short-term caloric restriction in obese subjects before and after, diet-induced weight loss.
IGFBP proteolysis is believed to be a general mechanism increasing IGF bioavailability and biological activity in the presence of IGFBPs and acid-labile subunit (ALS) and thereby regulating IGF release in serum (10) . Furthermore, insulin resistance has been suggested to play a part in IGFBP-3 proteolysis (11) . Thus, increased IGFBP proteolysis could enhance IGF-I bioavailability to its target tissues, which in turn could be a potential beneficial adaptive response to compensate for the GH hyposecretion in obesity. Therefore, both IGFBP proteolysis and ALS are important in understanding the physiology of the IGF system and pathophysiologic metabolic conditions such as obesity. No studies published so far have reported on IGFBPs-1, -2 and -3 proteolytic activity, and ALS in relation to the GH-IGF-I axis in obese subjects during caloric restriction.
Leptin associated with hyperinsulinemia (3), has an inverse relationship with IGFBP-1 (12, 13) and a blunted response to short-term fasting in obesity (8) . However, whether the leptin responses in obese subjects, and obese subjects after weight loss are altered in concert with GH release during short-term hypocaloric diet is not known.
The aim of our study was to explore the effect of a short-term very low-calorie diet (VLCD) on the response of free IGF-I, ALS, IGFBPs-1-3 protease activity, IGFBPs-1-4, leptin, and 24-h GH release in obese subjects, obese subjects after weight loss and lean control subjects.
Subjects and methods

Subjects
Three groups of subjects were studied: six obese subjects before weight loss, five after weight loss (average weight loss, 36.1G7.5 kg), and five age-and sex-matched healthy normal weight control subjects (Table 1 ). All the subjects gave informed consent. The revised Helsinki 2 Declaration was observed, and the study was approved by the Copenhagen Municipal Ethical Committee.
Weight loss study
The obese subjects participated in a structured, outpatient weight-loss program where the goal was to achieve ideal body weight. During the initial phase, the subjects consumed a commercial VLCD (Oluf Mørk Biochemie Ltd, Copenhagen, Denmark) that provided 1.6 MJ energy/day. The subjects visited the outpatient clinic weekly for body weight measurements and nutrition counseling. When the body weight decreased to approximately 130% of ideal body weight, the patients were instructed to discontinue the 1.6 MJ energy/day diet and begin consuming 5.0 MJ/day diet of normal food items; by doing so, the patients used the diet and nutrition materials that had been supplied to them and discussed during the nutrition counseling sessions. When ideal body weight was achieved or no further weight could be lost, the patients were instructed to consume a basic 8.0 MJ/day diet (15% of energy from protein, 55% from carbohydrate, and 30% from fat), which was individually adjusted for each patient to obtain energy balance. Energy intake was further adjusted down or up for each subject on a weekly basis (during weekly dietary counseling sessions) to reach a final, and stable body weight (e.g. if the body weight began to increase then the daily energy intake was reduced). The obese subjects after weight loss were kept at the test weight for a minimum of 1 month before the experiments.
Short-term hypocaloric diet design
The effect of 4 days of hypocaloric diet on circulating free IGF-I, IGFBPs-1-4, ALS, IGFBPs-1-3 protease, leptin, and 24-h GH release activity were studied in all subjects. All subjects were studied on two occasions, once during a normal 8.0 MJ/day basic diet supplemented with calories ad libitum and again during the last 24-h of a 96-h VLCD (1.6 MJ/day). Adherence to the diet was confirmed by a marked increase in urinary excretion of ketone bodies (O10 mmol/l).
24-h experimental deign
All subjects were admitted to the metabolic ward at 0730 h. A cannula (Viggo AB, Vingmed, Denmark) was placed in a forearm vein. Blood withdrawal commenced 30 min after venipuncture through a non-thrombogenic catheter (Carmeda; Viggo AB) inserted through the cannula and connected to an automatic constant withdrawal pump. The withdrawal rate was 3.5 ml/h, and the reservoir tubes were changed at 20-min intervals over the following 24-h period. Subjects were allowed normal physical activity and not permitted to nap or sleep until 2230 h. The fasting blood samples were taken after the subjects had fasted overnight. After collection, the samples were immediately centrifuged at 4 8C for 20 min and the resulting serum samples were immediately frozen.
Assays
Free IGF-I was determined by a commercially available non-competitive IRMA (Diagnostic Systems Laboratories, Inc., Webster, TX, USA). Detection limit of dissociable free IGF-I was 0.03 mg/l. Intra-and inter-assay variations were 3.3 and 10.7% respectively. Plasma glucose was measured using an automated glucose oxidase method (Glucose Analyzer II; Beckmann Instruments, Fullerton, CA, USA). Insulin was measured using an RIA method as described previously (1) . Leptin was measured using a double-antibody RIA with rabbit anti-human leptin antibodies, 125 I-labeled human leptin as tracer, and human leptin as standard (Linco Res., St Louis, MO, USA). The IGFBP protease assays were performed as described previously using recombinant human IGFBPs (rhIGFBP) (14) . The 125 I-IGFBP-3 was obtained from Diagnostic System Laboratories, while iodination of rhIGFBP-1 (obtained from UBI, Lake Placid, NY, USA) and rhIGFBP-2 (obtained from Sandoz Pharma Ltd, Basel, Switzerland) was performed in Prof Allan Flyvbjerg's laboratory by the cloramine-T method.
125
I-IGFBPs-1, -2 or -3 (30 000 c.p.m.) were incubated for 18 h at 37 8C with 2 ml serum samples from the obese and normal weight subjects and subjected to SDS-PAGE as described earlier. On each gel, internal control sera from normal controls (in the IGFBPs-1-3 protease assays) and termpregnant woman (in the IGFBP-3 protease assay), or seminal plasma (in the IGFBP-1 and IGFBP-2 protease assays) were applied. Electrophoresed gels were fixed in a solution of 7% acetic acid, dried, and autoradiographed. The degree of proteolysis for each sample was given as the percentage of proteolytic cleavage products for each lane. Serum IGFBPs-1, -2, -3, and 4 were analyzed by western ligand blotting (WLB). WLB, SDS-PAGE, and ligand-blot analysis were performed in serum from all subjects according to the method of Hossenlopp et al. (15) . Autoradiograms of IGFBP protease and WLB assays were quantified by densitometry using a Shimadzu CS-9001 PC dual-wavelength flying spot scanner.
The relative density of the bands was measured as arbitrary absorbency units per square millimeter (AU/mm 2 ). ALS was determined by a commercially available ELISA (Diagnostic Systems Laboratories, Inc.) (16) . The serum GH concentration was determined using an immunofluorometric assay (trIFMA, Delfia; Wallac, Turku, Finland), as described previously (1). The detection limit of the hGH assay was 0.01 mg/l.
Calculations
The secretory 24-h GH release was analyzed using the Pulsar program developed by Meriam and Watcher (17) and calculations were performed on a desk-top IBM-PC compatible computer with a PC-adapted Pulsar program as described previously (1) . The area under the curve was estimated above the calculated baseline. Of the 2304 GH measurements, 15 were below the assay detection limit and were not assigned values in the Pulsar program. The homeostasis model assessment (HOMA) has been described previously by Matthews and co-workers (18) and assessment of the fasting glucose and insulin concentrations in each subject allows the evaluation of insulin sensitivity using the HOMA-continuous infusion of glucose with model assessment Calculator Program (19) .
Anthropometric procedures
Body mass index was calculated as weight (kg)/height (m 2 ). Body weight was measured to the nearest 0.1 kg with the use of an electronic scale (Seca 070; Seca, Copenhagen, Denmark).
Statistics
Results are expressed as meanGS.E.M. Student's unpaired t-test was used to compare the significance of differences between groups and Student's paired t-test was used to assess changes within the same group. The level of statistical significance was set at P!0.05. No sample size calculation was made for this exploratory study. Three groups of subjects were studied: six obese subjects before weight loss, five after weight loss, and five age-and sex-matched healthy normal weight control subjects. It was anticipated that a small number of subjects in each group were sufficient to detect major changes within groups in the explored parameters during a VLCD.
Results
Body weight
In the three groups undergoing the 4-day hypocaloric study, the VLCD induced a mean weight loss of 2.2 kg (range 1.6-3.0 kg) in the lean subjects, 3.0 kg (range 1.8-4.3) in the obese subjects, and 2.6 kg (range 1.5-3.7 kg) in the obese subjects after weight loss. Adherence to the diet was well tolerated. One of the obese subjects who underwent the examinations before and during VLCD dropped out during the weight-loss study due to lack of motivation and it was therefore not possible to include them in the re-examination after weight loss. Urinary ketone body excretion was detectable in all subjects and did not differ between groups during VLCD.
24-h GH release
The 24-h GH release was decreased in obese subjects compared with lean subjects, whereas no difference was found in the 24-h GH release between obese subjects after weight loss and lean subjects ( Table 2 ). An increase in 24-h GH release occurred in the normal subjects during VLCD, whereas no change occurred in the obese subjects (Fig. 1, Table 2 ). The 24-h GH release data have been reported in detail separately (7).
Free IGF-I, IGFBPs-1-4, ALS and IGFBPs-1-3 proteolyse
Free IGF-I levels were similar in obese subjects, lean and obese subjects after weight loss, and a decrease occurred during VLCD in the obese subjects, whereas no significant decrease was present in the lean subjects and obese subjects after weight loss (Fig. 2, Table 2 ).
Total IGF-I levels were similar in all groups, and no significant change occurred during VLCD (Table 2) . IGFBP-2 levels were reduced in obese subjects compared with lean subjects. During caloric restriction, no increase in IGFBP-1 levels was observed in obese subjects, whereas an increase occurred in normal subjects and a trend towards an increase was present in obese subjects after weight loss (Table 2) . IGFBP-2 levels increased during VLCD in obese subjects, whereas no change occurred during VLCD in lean and obese subjects after weight loss (Table 2) .
ALS was similar in all groups and an increase occurred during VLCD in the obese subjects, whereas no significant decrease was present in the lean and obese subjects after weight loss (Table 2) .
IGFBPs-3 and 4, and IGFBPs-1-3 proteolyse were similar in all groups and no significant changes occurred during VLCD, except for a decrease in IGFBP-3 during VLCD in lean and obese subjects after weight loss (Table 2) .
HOMA and leptin
Insulin sensitivity as assessed by HOMA-S was decreased in the obese subjects compared with the lean control subjects, whereas no difference was found in HOMA-S between the obese subjects after weight loss and the lean subjects ( Table 2 ). The leptin levels were elevated in the obese subjects compared with the lean subjects, and no change occurred during caloric restriction in obese subjects.
Discussion
It has been hypothesized that a relatively increased amount of free IGF-I could be responsible for an enhanced feedback inhibition of GH secretion in obese subjects and a simple mechanism by which GH release is blunted in obesity during caloric restriction (7, 8) in contrast to lean subjects, where a GH increase is normally observed during caloric restriction (8, 20) . The main findings in the present study are a decrease in circulating free IGF-I in obese subjects during a short-term hypocaloric diet in concert with unchanged 24-h GH release. It is possible that a relatively higher number of subjects would have potentially revealed additional changes in the explored parameters within groups during short-term VLCD due to decreased variability.
The majority of IGF-I is bound in a 150 kDa complex, which consists of IGF-I, intact IGFBP-3, and ALS (21), Table 2 Free insulin-like growth factor-I (IGF-I), 24-h growth hormone (GH), IGF-binding proteins (IGFBP) 1-4, acid labile subunit (ALS), IGFBPs-1-3 proteolytic activity, leptin and homeostasis model assessment (HOMA) in lean subjects, obese subjects, and obese subjects after weight loss, before and after 4 days on a very low-calorie diet (VLCD).
Lean
Lean Lean subjects before and during VLCD Obese subjects before and during VLCD Weight reduced obese subjects before and during VLCD Figure 1 Free IGF-I levels. Columns represent (left to right) levels in lean subjects before and during a very low calorie diet (VLCD); levels in obese subjects before and during VLCD; and levels in obese subjects after weight loss before and during VLCD (meanGS.E.M.). *P!0.05 for differences before and after VLCD within the same group. and approximately 1% of IGF-I is free (10, 22) . Thus, free IGF-I is dependent on the equilibrium between total IGF-I and total IGF-binding capacity in serum as well as IGFBP proteolysis, which is believed to be a general mechanism increasing IGF bioavailability, since IGFBP fractions have reduced affinity for IGF-I (23). In the present study, we found no increase in IGFBPs-1-3 proteolysis in obese subjects and no change in IGFBP-1-3 proteolysis during caloric restriction. Thus, IGFBP proteolysis cannot account for the observed differences and changes during caloric restriction observed with respect to free IGF-I and IGFBPs-1-3 levels.
We have previously reported 24-h GH release to be impaired in obese subjects in response to caloric restriction (7) . However, the novel data reported now imply that circulating free IGF-I levels are not the inhibitory mechanism accountable for this blunted GH release in dieting obese subjects, since free IGF-I was found to decrease in concert with unchanged GH release. Another observation challenging the theory that GH hyposecretion in obesity merely reflects an enhanced negative feedback by high circulating free IGF-I is the report that rhIGF-I did not impose a significant inhibition of spontaneous GH secretion in obese subjects (24) . In the present study, ALS, which regulates IGF-I by stabilizing the IGFBP-3-IGF-I binary complex was found to be increased in obese subjects during caloric restriction and thus might regulate and impact IGF bioavailability in dieting obese subjects.
IGFBPs-1-3 were intact during short-term caloric restriction, since no change in proteolytic activity was detected; further IGFBPs-1-3 determined by WLB, which supposedly shows intact IGFBPs, whereas immunoreactive levels of IGFBPs-1-3 may include inactive fragments of the binding proteins. IGFBP-2 is more abundant than IGFBP-1 in adults (25) . In the present study, a significant increase occurred in IGFBP-2 in concert with a decrease in free IGF-I, which indicates that IGFBP-2 may have a role in regulating IGF-I bioavailability during short-term caloric restriction in obese subjects. Free IGF-II levels have previously been found to be elevated in obese subjects (26) and may impact IGFBP-4 proteolysis. Since IGFBP-4 functions mainly as a traditional binding protein, (27) it is important for the release of free IGF-I, however, in the present study, intact IGFBP-4 as determined by WLB was similar in the three groups and no change occurred during caloric restriction.
We and other researchers have previously shown that the molar ratio between total IGF-I and IGFBP-3, a rough estimate of free biologically active IGF-I, is decreased in obesity (1, 26) , and normalized after dietinduced weight loss consistent with the transient GH-deficient state in obesity (1) . The free IGF-I determination is not trivial due to methodological problems. In the present study, a commercially available assay for free IGF-I was used, which measures free IGF-I directly and it is argued that the free IGF-I fraction available to the antibody in this assay represents the free fraction that is available for the tissue (10) . A high significant correlation between this assay and the free IGF-I levels determined by ultrafiltration method, a very laborious process (26) , has been previously reported and they both correlate negatively with IGFBP-1 levels (10, 28). Free IGF-I has been previously reported to be relatively increased in one group of obese men and women (4) and two studies have reported increased free IGF-I levels in obese men (29, 30) . However, observations on free IGF-I in obesity are not unanimous, since other studies have observed normal (31, 32) to low (6) free IGF-I levels in obese men and women. Free IGF-I levels have been reported unaltered during dietinduced weight loss (33) . This unaltered, free IGF-I, after weight loss also challenges that GH hyposecretion in obesity merely reflects an enhanced negative feedback by high circulating free IGF-I, since GH secretion has been demonstrated to be returned to normal after weight loss in obesity (1-3) .
Leptin has been suggested to be negatively related to GH secretion in obesity (34) and positively associated with hyperinsulinemia (2) . During VLCD, we found a significant leptin decrease in lean subjects combined with an increase in IGFBP-1 and GH release, whereas no change occurred in leptin, IGFBP-1, or GH release in obese subjects. This could indicate that the increased leptin levels may be involved in the GH regulation during caloric restriction in obese subjects, whereas the increase in IGFBP-1, which has been previously shown to be inversely related to insulin levels may play a role in the increased GH release observed in lean subjects during Figure 2 Twenty-four-hour growth hormone (GH) area under the curve (AUC). Columns represent (left to right) levels in lean subjects before and during a very low calorie diet (VLCD); levels in obese subjects before and during VLCD; and levels in obese subjects after weight loss before and during VLCD (meanGS.E.M.). *P!0.05 differences before and after VLCD within the same group; **P!0.05 compared with lean subjects. VLCD. On the other hand, it has been shown that GH secretion is low in both obese subjects with hyperleptinemia and obese subjects with homo-and heterozygote mutations of the leptin gene (35) , indicating that leptin does not mediate the blunted GH release seen in obesity. However, the persistent hyperleptinemia in response to a short-term VLCD may potentially be a beneficial adaptive response to severe obesity and induction of hyperleptinemia may be important for maintaining lost weight in weight-reduced subjects (36) . In summary, circulating free IGF-I seems normally to be controlled by total IGF-I and IGFBP-1, and the latter is inversely related to leptin. In the present study, free IGF-I levels decreased in concert with no significant changes in 24-h GH, IGFBP-1, or leptin during caloric restriction in obese subjects. We did not find any significant change in free IGF-I during caloric restriction, although levels tended to decrease in lean and obese subjects after weight loss. The GH-IGF axis in obesity is of increasing interest and may play a role in the development of obesity-related diseases especially seen in the light of recent reports, suggesting that low IGF-I levels are closely linked to the pathogenesis of type 2 diabetes and cardiovascular disease (37, 38) .
We conclude that free (biologically active) IGF-I decreases with no concomitant change in 24-h GH-release after a short-term hypocaloric diet in obese subjects. Circulating free IGF-I per se cannot play a major role in the attenuated GH release during shortterm dieting in obesity.
